ABSTRACT: PEGylated dendron-based copolymers (PDCs) with different end-group functionalities (−NH 2 , −COOH, and −Ac) were synthesized and self-assembled into dendron micelles to investigate the effect of terminal surface charges on size, morphology, and cellular interactions of the micelles. All of the dendron micelles exhibited similar sizes (20−60 nm) and spherical morphologies, as measured using dynamic light scattering and transmission electron microscopy, respectively. The cellular interactions of dendron micelles were evaluated using confocal microscopy and flow cytometry. Surprisingly, although amine-terminated dendrimers are known to strongly interact with cells nonspecifically, all of the surface-modified dendron micelles exhibited charge-independent low levels of cellular interactions. The unexpected results, particularly from the amine-terminated dendron micelles, could be attributed to: (i) minimal end-group effects, as each PDC has an approximately 10-fold lower charge-number-to-molecular-weight ratio compared to the dendrimer, and (ii) intra-and intermolecular hydrogen bonding between positively charged terminal groups with poly(ethylene glycol) (PEG) backbones, which leads to the sequestration of the charges, as demonstrated by atomistic molecular dynamics simulations. With the narrow size distribution, uniform morphologies, and low levels of nonspecific cellular interactions, the dendron micelles offer a promising drug delivery platform. D esigning a nanocarrier that elicits controlled biological properties is critical to develop highly effective multifunctional drug delivery platforms. It has been demonstrated that the cellular interactions of such nanocarriers can be modulated through control over size, morphology, hydrophobicity, and surface charge.
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esigning a nanocarrier that elicits controlled biological properties is critical to develop highly effective multifunctional drug delivery platforms. It has been demonstrated that the cellular interactions of such nanocarriers can be modulated through control over size, morphology, hydrophobicity, and surface charge.
1 Among the numerously investigated nanomaterials, dendrimers are unique macromolecules that have been successfully developed as a drug delivery platform. Their well-defined molecular architecture coupled with advantageous properties such as high branching degree, flexibility, controllable surface chemistry, and multivalency have all been implemented, in one way or another, to enhance the efficacy of modern drug delivery platforms. 2 Modulation of the surface charge of dendrimers has been used as major design criteria to control their cellular interactions and toxicity. 3 In general, positively charged amine-terminated (−NH 2 ) dendrimers display a high level of nonspecific cellular interactions and toxicity because of electrostatic interactions with negatively charged cell membranes, whereas negative and neutral-charged dendrimers (carboxylated (−COOH) or acetylated (−Ac) surfaces) do not.
3b,f,g A number of other polycationic polymers, such as poly(L-lysine) (PLL), polyethylenimine (PEI), and diethylaminoethyl (DEAE)-dextran, have also shown nonspecific, spontaneous cellular interactions, which leads to high toxicity. 3h Recently, we have developed methoxy-terminated (−OMe) PEGylated dendron-based copolymers (PDC-OMe), which are triblock copolymers comprised of a polyester dendron (Generation 3 (G3), eight surface groups) and two types of linear polymers (polycaprolactone (PCL) and poly(ethylene glycol) (PEG)) (see Scheme 1 for the chemical structure). 4 At similar hydrophilic−lipophilic balances (HLBs), PDCs selfassembled into dendron micelles with high thermodynamic stability as measured by critical micelle concentrations (CMCs) that were 1−2 orders of magnitude lower than those of linearblock copolymer (LBC) counterparts. Additionally, molecular dynamics (MD) simulations revealed that the surface of the dendron-OMe micelle was almost completely covered by a dense PEG outer layer as opposed to the LBC micelles, which is expected to be beneficial by imparting "stealth" properties to the micelles in vivo.
5
To understand the cellular interactions of dendron micelles at the molecular level, we engineered the chemical structure of each PDC to be suitable for self-assembly and to display various end-group functionalities on their surface. To that aim, we hypothesized that the surface functionality of the formed dendron micelles would largely determine these interactions, as in dendrimers and other nanocarriers. It was expected that amine-terminated dendron micelles would tend to interact spontaneously with cell membranes, while negative and neutralcharged micelles would exhibit low levels of cellular interactions. To test this hypothesis, four structurally similar PDCs that varied only by surface functional group (−NH 2 , −COOH, −Ac, and −OMe) were synthesized and selfassembled into dendron micelles. The cellular interaction of each micelle was evaluated using confocal microscopy and flow cytometry. Surprisingly, we observed that all four dendron micelles displayed similar cellular uptake and cell-associated fluorescence. This finding disproved our hypothesis and prompted a thorough investigation of the potential reasons for these observations, such as size, morphology, surface charge density, and end-group orientation of the dendron micelles.
The synthesis of PDC-NH 2 , PDC-COOH, and PDC-Ac with low polydispersity indices (PDI < 1.2) was completed using a modified pre-existing protocol (Scheme 1 and Table 1) . 4 The molecular weights of the hydrophobic PCL tail and the hydrophilic PEG chains were 3.5 and 2 kDa, respectively. Each surface-modified PDC was synthesized through a series of steps starting from BOC-protected PDC (PDC-BOC). Deprotection of PDC-BOC resulted in amine-terminated PDC (PDC-NH 2 ), and subsequent carboxylation using succinic anhydride or acetylation using acetic anhydride resulted in PDC-COOH and PDC-Ac, respectively. Details of the synthesis and characterization ( 1 H NMR) of each PDC can be found in the Supporting Information (Figures S1−S3 of the Supporting Information). The dendron micelles with various surface groups were prepared by the self-assembly of the individual PDCs using the dialysis method and immediately used for further experiments (see details in the Supporting Information). Figure 1A ,B shows the particle size distribution, zeta potential, and CMC for dendron micelles of the four different types. The micelles predominantly exhibited diameters of 20− 60 nm, obtained by dynamic light scattering (DLS). Their particle sizes were stable for up to 21 days at room temperature in water (data not shown) and had the zeta potentials between −20 and 23 mV. The negative zeta potential value of the dendron-OMe micelles is likely attributed to the presence of partially negatively charged oxygen atoms near the termini of the PEG chain and is in agreement with a previous report employing methoxy-terminated polymer micelles. 7 The zeta potential of the dendron-Ac micelles was close to neutral because the proton in the amide end group does not appreciably dissociate at pH 5.6 (ddH 2 O) due to its high pK a value (typically >15), maintaining a neutral zeta potential.
The thermodynamic stability of the PDCs was evaluated by measuring the CMC through monitoring their micelle formation with pyrene used as a fluorescent probe in water and in PBS ( Figure S4 of the Supporting Information). 8 As expected, the surface-modified PDCs displayed very low CMCs on the order of 10 −7 M at high hydrophilic−lipophilic balances (HLB) of ∼16.5. HLB is defined as 20
where M H is the mass of the hydrophilic portion and M L is the mass of the lipophilic portion of an amphiphilic molecule. 4, 9 The CMCs of the PDCs measured in water and PBS appeared to be very similar under the conditions tested. For cell-level experiments based on fluorescence detection, a rhodaminelabeled PDC (PDC-RHO) was synthesized from PDC-NH 2 and incorporated at 10 wt % into each micelle through mixing of PDCs before micelle formation (Scheme 1 and the Supporting Information).
Next, we investigated cellular interactions of the dendron micelles. KB cells were treated with the dendron micelles at a Scheme 1. Synthesis of Surface-Modified PDCs from PCL-G3-PEG-NH 2 (PDC-NH 2 ), PCL-G3-PEG-COOH (PDC-COOH), PCL-G3-PEG-Ac (PDC-Ac), and PCL-G3-PEG-RHO-Ac (PDC-RHO) polymer concentration of 4 μM (>4-fold over CMC) to ensure that the structure of each micelle remained intact. Rhodaminelabeled, amine-terminated G4 polyamidoamine (PAMAM) dendrimer was prepared as described in our previous studies 3i, 10 and was used as a positive control in the cell studies at a concentration of 1 μM (Figure 2A) . Differences in the concentration of polymers used in the cell experiments are due to the normalization of rhodamine content between samples (dendrimer has a higher rhodamine amount than dendron micelles by 4-fold). This normalization allowed for the direct comparison of levels of cellular interaction using confocal microscopy and flow cytometry.
Unexpectedly, the dendron-NH 2 micelles did not exhibit a higher cellular uptake or cell-associated fluorescence than other surface-modified micelles ( Figure 2B and C and Figure S5 of the Supporting Information). Instead, all surface-modified dendron micelles showed similar cellular uptake and low cellassociated fluorescence. The results from the dendron-NH 2 micelle are in contrast to our positive control achieved with PAMAM-NH 2 dendrimers, where we found that after 60 min of incubation a significant amount of the dendrimers was interacting with the cells (Figure 2A and C). Our observations related to the dendron-NH 2 micelles are also in contrast with the results of previous reports, where the cellular interactions of G5 and G7 PAMAM dendrimers with −NH 2 , −COOH, and −Ac end-group modifications were tested.
3b,f PAMAM-NH 2 dendrimers strongly interacted with KB cells, while PAMAM-COOH and PAMAM-Ac dendrimers did not exhibit any significant cellular interactions after the same 60 min incubation time. In addition to studies using other dendrimers, 3d,11 negatively charged PEGylated gold nanoparticles (GNPs) have shown limited cellular uptake, and yet positively charged PEGylated GNPs showed significant cellular uptake. 12 Liposomes prepared from positive, negative, neutral, and neutral-PEG lipids have been also evaluated for their cellular uptake behaviors. It was found that the liposomes interact with cells in a charge-dependent manner, where the degree of nonspecific cellular interaction goes with the charge as: positive > neutral > negative. 13 To understand this unexpected behavior of the dendron micelles, we investigated a number of parameters, such as size, morphology, PEG density, and orientation of the end groups, which may play roles in determining the cellular interactions of the dendron micelles. Note that nanocarrier−cell interactions are complex and potentially affected by a number of factors. 1e We used transmission electron microscopy (TEM) to evaluate the effect of size and morphology of the dendron micelles. Figure 1C −F shows electron micrographs of the dendron micelles after negative staining with 2% phosphotungstic acid. The size of the dendron micelles observed using TEM correlated with the results obtained using DLS. The micelles also had a spherical morphology, confirming our previous results (Figure 1 ). 4 One possible reason for the absence of observable cellular interactions for the four types of dendron micelles could be their unusually dense PEG layer due to the dendritic architecture, as demonstrated in our previous study. 4 PEG is well-known to enhance the evasion of nanoparticles from detection by the reticuloendothelial system (RES) in vivo. 14 However, the presence of PEG does not always prevent micelles from nonspecifically interacting with cells. 15 For amphiphilic polymers that comprise micelles with relatively low HLBs (typically lower than 3), a significant degree of nonspecific interactions with cell surfaces has been observed as opposed to those from higher HLB polymers (higher than 8 in general). 16 In our dendron micelles, a PDC molecule theoretically accommodates eight PEG arms, resulting in an extraordinarily high PEG density on the PDC surface. Atomistic MD simulations revealed that the PEG density is significantly increased when the number of PEG chains per PDC is increased ( Figure S6 of the Supporting Information). This high PEG density, along with the almost complete surface coverage of the PEG outer layer, 4 could likely result in the maximized nonfouling effect of PEG, which would, in turn, minimize nonspecific interactions of the dendron micelles in vitro regardless of the surface charge.
Another reason for the weak cellular interactions of the dendron micelles could be their significantly higher ratio of molecular weight to surface functional groups. Each PDC has an approximate molecular weight of 18 000 Da and eight end groups, resulting in a high molecular-weight-to-surface-functional-group ratio (∼2250). G4 PAMAM dendrimers with an ethylenediamine core on the other hand have a theoretical molecular weight of 14 215 Da and 64 end groups, resulting in a 10-fold lower ratio (∼222). One can thus expect that the endgroup effect of the dendron micelles should be smaller than in dendrimers.
We also investigated the effect of end-group orientation, which may contribute to the unobservable cellular interactions of the dendron-NH 2 micelles. The hydrogens of the aminofunctional groups on the micelle surface could interact through hydrogen bonding with the oxygen atoms of the PEG backbone, in analogy to the coupling observed from other ions. 17 This would result in a decreased number of available positive charges to interact with the plasma membrane. This charge sequestration may be one potential mechanism by which the dendron-NH 2 micelles exhibit limited cellular interactions.
To confirm the intramolecular hydrogen bond formation and compare the overall micelle parameters, we performed atomistic MD simulations. Since our aim was to investigate the orientation of each of the employed end groups, it was not necessary to match the size of the experimentally produced micelles. Dendron micelles were simulated using 30 PDCs arranged into spherical micelles ( Figure S7 of the Supporting Information). The simulated dendron micelle data are presented in Table S1 of the Supporting Information. The PCL core size of each micelle was similar (∼8 nm), and the average thickness of the surface-modified PEG layers ranged between 10 and 11 nm. To observe the details of intramolecular hydrogen bond formation, three different simulations were carried out, each of them containing a single PEG chain that was terminated by one of the functional groups, −NH 3 + , −Ac, or −COO − (see details in the Supporting Information). Hydrogen bonding between amine-hydrogens and oxygen atoms of the PEG chains was evaluated using a cutoff distance of 2.75 Å. From these simulations, we found that the PEG chain wraps around the terminal amine group through hydrogen bonding, as seen in Figure 3 . No hydrogen bonding was observed between PEG and the other end groups used in this study. Although we focused on one PEG chain in this simulation due to the long equilibrium time required, in principle, the hydrogen bond formation should be present throughout the whole micelle, both intra-and intermolecularly. This phenomenon is likely responsible for the decreased presentation of positive charges at the surface of the dendron-NH 2 micelles, contributing to the reduced cellular interactions.
To further identify differences between PDCs and dendrimers, cytotoxicity experiments were performed using PDCs and G4 PAMAM dendrimers at concentrations from 0.1 to 100 μM. PDCs did not display any significant toxicity to KB cells, whereas dendrimers were toxic at concentrations above 1 μM, as measured using MTS assay after 24 h incubation ( Figure S8 of the Supporting Information). This result was expected for neutral and negative-charged PDCs; however, the difference in toxicity between PDC-NH 2 and PAMAM dendrimers 3f further confirms that the effect of end groups on determining cytotoxicity, as observed for dendrimers, is most likely negligible for our dendron micelles.
In summary, we have presented the synthesis of three new types of surface-modified PDCs, with −NH 2 , −COOH, −Ac, and −OMe surface groups and systematically studied their interactions with cells. These micelles did not exhibit chargedependent cellular interactions, as hypothesized based on the previous observations from PAMAM dendrimers. The lack of cellular interaction for the dendron-NH 2 micelles could be attributed to the dense PEG layers, the high molecular-weightto-surface-group ratio (∼2250), and the orientation of end groups (charge sequestration via hydrogen bond formation). Our results show that surface modification of the dendronized copolymers does not significantly alter the size or morphology of the formed micelles. Additionally, we have demonstrated that the dendron micelles are nontoxic up to concentrations of 100 μM, which is highly beneficial for PDCs to be accepted as a potential drug delivery platform. These results provide a guideline for designing highly effective and targeted drug delivery micelles by overcoming, at times, the nonspecific interactions associated with PEGylated nanocarriers. + micelle in water. Black arrows indicate hydrogen bonding (yellow bonds) between hydrogens (gold balls) present on the terminal amine group (blue ball; identified by a blue arrow) with the oxygen atoms (red balls) present on the PEG chain. The hydrogen bond cutoff distance is 2.75 Å. We expect to observe intra-as well as intermolecular hydrogen bond formation within the micelle. Water is not shown for clarity.
